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Introduction
Investigations of Recent environments provide direct insight into the composition and distribution of communities and organisms as well as inter-and intraspecific interactions. In the ancient sedimentary records, however, populations are rarely truly represented because death assemblages of shells can be strongly biased by a whole suite of taphonomic processes such as predation, scavenging, water and sediment agitation, transport, bioturbation, as well as time averaging effects (e.g., Schäfer 1962; Lawrence 1968; Brett and Gordon 1986; Wilson 1988; Fürsich and Aberhan 1990; Kidwell and Bosence 1991; Parsons and Brett 1991; Flessa et al. 1993; Kowalewski 1996; Behrensmeyer et al. 2000; Schein and Lewis 2001; Nebelsick 2004; Hauser et al. 2008) . The study of taphonomic processes has been shown to provide important paleoenvironmental signals of both biotic and abiotic origin (e.g., Lawrence 1968; Hauser et al. 2008) .
Clypeasteroid echinoids are robust echinoderms due to their interlocking plates and internal support structures and have been the object of several taphonomic studies (e.g., Seilacher 1979; Smith 1984; Donovan 1991; Nebelsick and Kampfer 1994; Nebelsick 1995 Nebelsick , 1999a Nebelsick , b, 2008 Schein and Lewis 2001, El-Hedeny 2007; Grun and Nebelsick 2015) . Echinocyamus pusillus, a minute clypeasteroid species, is used for the present taphonomic analyses because it is abundant in various Recent and Cenozoic environments. This species also occurs in sufficient numbers within samples and thus allows for statistical comparisons among different environments. Restricting the study to a single species additionally alleviates the effects of varying skeletal morphologies on preservation potentials. The present study employs a new quasimetric approach to (i) evaluate the influence of taphonomic processes such as abrasion and encrustation on test preservation, (ii) compare abrasion effects on surface characters from different areas of the test, (iii) assess the influence of encrustation and predatory drillholes on preservation potential, (iv) correlate encrustation rate with test size, and (v) compare taphonomic test alterations among sample sites.
Institutional abbreviations.-GPIT/EC, accession number, Department for Geosciences, University of Tübingen, Germany.
Other abbreviations.-N, sample size; p, significance level; r, Pearson's Correlation Coefficient; rho, Spearman's Correlation Coefficient.
Background
Problems of descriptive taphonomic quantification.-Echinoids show different categories of skeletal organization at various hierarchical levels (e.g., Nebelsick et al. 2015) . Taphonomic processes can thus result in differential effects on the various characters present on echinoid test surfaces.
This can be problematic with respect to taphonomic analysis because different test features often show varying degrees of alteration and can be differentially distributed on the test, thus making a generalized assignment into specific semi-quantitative categories difficult. Tubercles, for example, are highly abundant on the test surface and feature a whole suite of characters including the mamelon, boss, and the areole which show different morphologies and stereom densities (e.g., Smith 1980 Smith , 1981 Smith , 1984 . In the case of complex and unevenly altered tests, a detailed description of each single test character is thus useful.
One solution to quantifying different alteration grades within single characters, which also takes the frequency of the alteration grade of the whole skeleton into account, is to describe the character alteration in relation to its frequency of occurrence. Since abundant test characters, such as tubercles, occur in such a high number making a quantitative exploration impractical, a more useful approach is preferable, such as the quasimetric approach introduced here. A taphonomic process, such as abrasion, as well as its frequency, can be reduced to a few, recognizable categories. This method is generally sufficient to describe the character alteration accurately with respect to its frequency as well as to a large number of individuals. The Likert-Type scale based model (e.g., Clasen and Dormody 1994) combines both the variation in alteration of a single character as well as the frequency in which the character alteration occurs. This approach not only results in a quasimetric scale, which can be handled as an interval scaled variable, but it also allows for the combination of various taphonomic characters using simple mathematical operations. The method thus allows to describe complex taphonomic alterations of a multifaceted object with a single value. This study illustrates the advantages in data handling based on the described methodology using taphonomic alterations of Echinocyamus pusillus tests from the Mediterranean Sea.
Mathematical aspects and limits of the quasimetric method.-The quasimetric method based on the LikertType scale is a method to precisely describe complex taphonomic pathways using a numerical approach. The character condition is a pre-defined description which is inherently represented by an ordinal scale. Such ordinal data often do not show the same or similar distances between the character degrees. The taphonomic conditions of the characters are thus defined such that the distances between degrees can be assumed to be roughly equivalent. Deviations from roughly equivalent distances can result in a shift to either lower or higher taphonomic values. These deviations can be reduced by increasing the gradations of a single character description, which, however, would result in a higher number of time-consuming calculations.
Based on the defined number of character conditions, the calculated taphonomic value occurs in a range between the smallest and highest taphonomic grades. The calculated taphonomic value represents a mathematical operation which transforms ordinal into interval scaled data. Since there is no guarantee that all distances between the values within the interval range have the same length, the data are principally not interval scaled, but can be assumed to behave as interval scaled. This behavior as interval scaled data is advantageous in that the generated data can be subjected to sophisticated statistical methods, as opposed to ordinal data, which can only be analyzed using descriptive methods and basic statistics.
This method with its advantages can, however, only be applied to characters where a graduated description is present along with the proportion of the taphonomic degree. Characters that are either absent or present cannot be transformed into a quasimetric value using this method. This new approach allows for a precise taphonomic character description, which can be used for all statistical tests that are applicable to interval scaled data.
Pitfalls of taphonomy in high-energy environments.-The use of taphonomic alterations based solely on recorded features has numerous pitfalls. For example, higher energetic environments can contain well-preserved specimens (e.g., Kelley 2008) , while lower-energetic environments may preserve highly altered specimens (e.g., Nebelsick and Kampfer 1994) . These counterintuitive results can be explained by the fact that whereas low alteration rates are generally expected in low energy environments, skeletons in such environments have less chance of being destroyed as a whole and thus can show higher rates of alteration over the long term (e.g., Kelley 2008) . One method to investigate the offsetting effects of both destructive and constructive taphonomic processes is to compare the effects of abrasion, fragmentation, encrustation, and other processes on different skeletal features.
Study area and fauna.-Giglio is part of the Tuscan Archipelago within the Tyrrhenian Sea (Fig. 1) . The island is characterized by generally high-energy environments with coastlines dominated by steep cliffs and rough breaker zones. Beaches with low gradient shorelines are rare. The presence of rocky shores, beaches, and sandy slopes results in a variety of habitats in a relatively small area that are easily accessible by snorkeling and scuba diving. Substrates vary from bare rocks and boulders to gravel, coarse sand, and finer sands (e.g., Grun et al. 2014) . Seagrass meadows are abundant and mainly consist of Posidonia oceanica. Algal meadows (mainly Caulerpa) are less abundant and tend to occur in deeper waters.
The irregular echinoid Echinocyamus pusillus (Figs. 2, 3) is abundant in a variety of environments in the Atlantic Ocean, the North Sea, and the Mediterranean Sea. The genus Echinocyamus has been the subject of numerous studies dealing with morphology (Mortensen 1927 (Mortensen , 1948 Nichols 1959; Ghiold 1982; Telford et al. 1983; Telford 1985) , behavior (Ghiold 1982; Telford et al. 1983 ) and drilling predation (Nebelsick and Kowalewski 1999; Kowalewski and Nebelsick 2003; Ceranka and Złotnik 2003; Złotnik and Ceranka 2005; Grun et al. 2014; Grun and Nebelsick 2015) .
Echinocyamus pusillus rarely exceeds 15 mm in test length as an adult (Mortensen 1927 ) and occurs from shallow waters to 1250 m depth (Mortensen 1927) . The calcareous test of Echinocyamus pusillus is elliptical to sub-elliptical in outline (Figs. 2A 1 , B 1 , 3A, B 1 ). The flattened test has internal supports connecting the oral and aboral sides. The test is entirely covered by short spines and podia, which are used by the clypeasteroid to burrow into the sediment (Nichols 1959; Ghiold 1982) . The aboral side of the test has five petals with two rows of ca. six to nine ambulacral porepairs (Mortensen 1927 ; Fig. 2A 1 ) . The apical disc contains four readily recognizable large genital pores and a tiny hydropore. The aboral side of the test features numerous rows of unipores for lateral podia.
The oral side of the test is characterized by a large and slightly depressed circular to sub-circular peristome ( Fig. 2B 1 , C) and an elliptical periproct near the posterior ambitus margin (Fig. 2B 1 ) . Surface structures also include crenulated, sunken tubercles as well as glassy tubercles, which are both easily recognizable at lower magnification ( Fig. 2A 2 , D ).
Material and methods
Samples of Echinocyamus pusillus were collected around Giglio Island ( Fig. 1 ) in the summer of 2010. The patchy distributed tests were exhaustively sampled and detected by manually picking them from the sediment surface of nine nearshore sites during dives using SCUBA (Fig. 1C) . Complete tests and larger fragments were recovered from depths of 2−35 m from exposed areas, near patches of sea grass (Posidonia) and algal (Caulerpa) meadows, as well as near rocky substrates (Table 1) . Sediment types within these sites consist of medium to coarse-grained, mixed carbonate-siliciclastic deposits. The collected specimens were recently analyzed for drilling predation by cassid gastropods (Grun et al. 2014; Grun and Nebelsick 2015) .
The echinoids were analyzed using a reflecting light microscope (max. 5× magnification) for abrasion of three surface characters including (i) tubercles, (ii) test surface (apart from the tubercles), (iii) ambulacral and genital pores, and, if present, the outline and cross section of predatory drillholes. The echinoids were also examined for fragmentation and encrustation (see Table 2 ). Analyzed characters were assigned to one of three grades of taphonomic alterations: grade 1, non-altered to slightly altered; grade 2, moderately altered; or grade 3, highly altered (Table 2) . Additionally, the proportion of the test surface, character, or drillhole affected by each grade of taphonomic alteration was estimated for each specimen. The proportion of alteration was classified into five categories: category 1, taphonomic alteration is virtually not detectable; category 2, up to 25% of the area or character is altered; category 3, 25 to 50% is altered; category 4, 50 to 75% is altered; and category 5, more than 75% of the area or character is altered.
Using the abrasion grade of the test surface (apart from the tubercles), tubercles, and pores, as well as the proportion category of the altered area, a total abrasion value (V A ) is calculated by the following equations:
Abrasion values are as follows: A t = tubercles; A s = test surface, and A p = ambulacral and genital pores. P t = proportion (categories 1 to 5) of altered tubercles (grades 1 to 3); P s = proportion (categories 1 to 5) of altered test surfaces (grades 1 to 3); and P p = proportion (categories 1 to 5) of altered ambulacral and genital pores (grades 1 to 3). The coefficients (1, 2, and 3) in front of the abrasion values represent the abrasion grade 1 to 3. V A is the total abrasion value.
The fragmentation value (V F ) is calculated using the following equation:
Proportions for calculating the fragmentation value (V F ) are as follows: P F1 = proportion (categories 1 to 5) of non --altered tests surface; P F2 = proportion (categories1 to 5) of fractures on the test surfaces; and P F3 = proportion (categories 1 to 5) of missing test parts.
The calculated values can be assumed to behave as interval scaled measurements. Although the distances between abrasion grades are not necessarily equal in length, the computational process results in a range of values based on the pre-defined grades and can thus be used for comparative analysis. The quasimetric Likert-Type scale (e.g., Clasen and Dormody 1994) is appropriate because both the definition of abrasion grades and the inclusion of the altered area are included in the analysis. Dispersion of values is always given as the standard deviation (SD). Descriptive statistics include mean values and standard deviations. Although the data are not normally distributed, the arithmetic average is commonly used, as generally in Likert-Type scales.
Spearman's rho is used to detect possible correlations between the abrasion of tubercles, test surface, and pores. Pearson's r is used for analyzing a possible correlation between encrustation rates and test length. The effect of encrustation on test preservation potential is analyzed by a Mann-Whitney U test and visualized using Box-Whisker plots to detect a direction on a possible relation between abrasion and encrustation (Fig. 4) . Total abrasion value distributions of drilled and undrilled tests are compared using a Mann-Whitney U Test. This non-parametric test is robust with respect to differences in sample sizes (Nachar 2008) .
Holes were described as predatory in origin when circular to subcircular in outline and concave in cross section (Grun et al. 2014; Grun and Nebelsick 2015) . Holes lacking these features were not recognized as predatory and not included in the analysis. Abrasion was classified by the rate of abrasion and its proportion on the drillhole outline and cross section respectively. The abrasion of the drillhole outline at the test surface was classified into three grades: margins with no visible signs of abrasion (grade 1), margins slightly to moderately abraded (grade 2), and margins highly abraded (grade 3). The concave cross section of the drillhole wall was similarly classified into three grades based on its preservation: concave drillhole wall completely preserved (grade 1), slightly to moderately abraded (grade 2), or highly affected (grade 3). These two characteristics were analyzed with respect to their proportion of the drillhole affected and classified into five categories: category 1, taphonomic alteration not detectable; category 2, up to 25% of the drillhole outline or cross section, respectively, is altered; category 3, 25-50% is altered; category 4, 50-75% is altered; and category 5, more than 75% is altered. A drillhole value (V D ) is calculated based on the abrasion grade of the drillhole margin, the cross section, and their proportions using the following equation:
Symbols are as follows: V D = drillhole value, P m = proportion (categories 1-5) of altered drillhole margin (grades 1-3), and P c = proportion (categories 1-5) of altered drillhole cross section (grades 1-3). The coefficients (1-3) in front of the abrasion values represent the abrasion grade 1-3.
Results
A total of 1051 tests of Echinocyamus pusillus were analyzed from nine sites (Fig. 1C, Table 1 ). All examined tests were denuded, or lacking spines. Individuals range from well preserved, showing little taphonomic alterations of the test (Fig.  2) , to highly abraded or highly encrusted specimens (Fig. 3) . (Figs.  2, 3) , ranging from pristine preservation, partly abraded mamelons ( Fig. 2A 2 , D) , abraded bosses (Fig. 3B 2 , C) and finally, completely removed tubercles (Fig. 3B 3 ) . The remaining test surface also shows high variation of preservation including highly abraded surfaces in which the stereom is exposed (Fig.  3B 3 ) . The tubercles show the highest abrasion values (mean 1.22 ± 0.5) while the remaining test surface shows slightly lower abrasion values (mean 1.17 ± 0.4). The ambulacral and genital pore margins are the least altered (mean 1.09 ± 0.4 and 1.09 ± 0.3, respectively). Drillhole margins and cross sections are rather well preserved with a mean abrasion value of 1.14 ± 0.4. The abrasion of tubercles on the test surface is greater (mean 1.22 ± 0.5) than of the surrounding, slightly depressed peristome (mean 1.09 ± 0.4). The total abrasion values (V A ) range from pristinely (mean 1.00) to moderately preserved (mean 2.24) ( Table 3 ). 75% of the total abrasion values are lower than 1.20. The total abrasion values among sample sites are generally low ranging from 1.05 to 1.28 (mean 1.12 ± 0.21) indicating well preserved tests (Table 4) .
Abrasion.-Tubercles show different rates of abrasion
Fragmentation and encrustation.-Test fragmentation ranges from fractures on still intact tests to partially destroyed individuals (Fig. 3A, B 1 ). Fractures are rare (1.7%) while fragmentation is more common (7.5%). Fractures occur exclusively along plate boundaries; intraplate breakage was never observed. Plate loss mostly affects the apical system. Some specimens were also fragmented near the peristome, while the periproct was never affected.
Commonly encrusting organisms on the tests of Echinocyamus pusillus include serpulid worm tubes and bryozoans. Worm tubes ranged in length from several millimeters to centimeters depending on the test size and the degree of coiling of the serpulids (Fig. 3A) . Bryozoans consisted of small colonies of unidentified unilaminate cheilostomes. These sclero- bionts cross plate boundaries of the echinoid test. Serpulids and bryozoans are not only present on the outer surface but also occur on the inner surface of the test (Fig. 3A) . Of the 1051 tests examined, 651 (61.9%) do not show any evidence of encrustation, 352 (33.5%) show up to 25% of the test surface covered by encrusting organisms, 27 (2.6%) have between 25 and 50% of the surface covered, only 6 tests (0.6%) between 50 and 75%and 15 tests (1.4%) have more than 75% of their surface covered. Encrustation rates around Giglio Island vary widely among localities ranging from 20.5% of samples encrusted at Cala dell'Allume to 78.4% at Punta del Lazzaretto (Table 5) The Mann-Whitney U test shows a significant difference of the total abrasion values among the five encrustation categories (Mann-Whitney U = 2090.00, p = 0.01, N = 660). The Box-Whisker plots of the total abrasion among encrustation rates show a slight increase in the total abrasion with increasing encrustation category (Fig. 4) . The Pearson's Correlation Coefficient shows that encrustation rates are similar among test length (r = 0.132, p < 0.001, N = 400) (Fig. 5) .
The Mann-Whitney U test suggests that the total abrasion value of drilled and undrilled specimens are significantly different (Mann-Whitney U = 53606, p = 0.01, N = 996). The first bar in the histogram of undrilled tests contains 62.0% of the specimens, while that of drilled tests contains 74.1% (Fig. 6) . The mean abrasion value for undrilled tests is 1.183 and for drilled tests 1.138. The median abrasion value for undrilled tests is 1.067 and for the drilled tests 1.000. Drilled tests show lower total abrasion values, while undrilled tests shows more abraded tests (Fig. 6 ).
Discussion
The method based on the quasimetric Likert-Type scale represents a technique that allows a precise assessment of the preservation state of a multi-character shell due to the implementation of both the grade of taphonomic alteration and its proportional distribution on the surface. Abrasion of the test is generally low and occurs in a narrow range, which is, as previously mentioned, counterintuitive since the habitats around Giglio Island are generally high-energy environments and might be expected to be dominated by poorly preserved individuals. Tests in these environments, however, are likely to be largely destroyed before they become highly altered (see Kelley 2008) .
Tubercle abrasion shows the highest values, followed by the remaining surface abrasion and then the pore abrasion with the lowest values. Differences in abrasion values of the characters can be explained by their relief relative to the test surface. The tubercles, although sunken, are elevated above the test surface and represent the most exposed features of the test while the pore margins are well sheltered within the test. Drillholes are larger than both the ambulacral and genital pores which can explain the difference in abrasion between these two features. The lesser abrasion of peristome relative to other tubercles may likewise be due to the fact that the former occur in a slightly depressed area. There is no significant difference with respect to abrasion among sites although they are at different depths and are characterized by different environmental conditions. The similar abrasion signatures among the different environments can be due to the fact that the environmental conditions are in average similar over the year.
Fragmentation and test destruction.-Sampled tests around Giglio Island show low rates of fragmentation. This can be due to their rapid destruction. Fragmentation can result from a variety of factors such as abiotic processes including tumbling or water and sediment agitation, which can decrease plate integration and lead to a loss of single or multiple plates as well as larger fragments (Kidwell and Baumiller 1990) . Test fracturing can occur along plate sutures (interplate disarticulation) or within plates (intraplate fragmentation). As soft tissues decay, fragmentation along plate structures become more common (Kidwell and Baumiller 1990) . Once the structural integrity of the test is disturbed, complete tests disarticulation can be rapid as has been shown for larger clypeasteroids by Nebelsick and Kampfer (1994) .
Encrustation and test strength.-Echinoids, with their highly variable test surface, area common substrate for encrusting organisms including serpulids and bryozoans (e.g., Nebelsick et al. 1997; Santos and Mayoral 2008; Borszcz 2012; Borszcz et al. 2013; Belaústegui et al. 2013 ). All encrustation of Echinocyamus from Giglio occurred post-mortem, after spine denudation. These echinoids, with lightweight tests not exceeding 15 mm in length , can be considered as short-termed, unstable substrates and are thus expected to show low rates of encrustation with infrequent encounters between organisms (e.g., McKinney and Jackson 1989) .
In our analysis, we show that the abrasion values increase with increasing encrustation rates. Encrustation is highly likely to increase the test preservation potential since it can slow the decrease in shell strength due to taphonomic processes (e.g., Stachowitsch 1980) . The high energy environments around Giglio are characterized by low encrustation rates. Unlike in low energy settings, surface residence times in these high energy environments are not long enough for high rates of encrustation (e.g., Daly and Mathieson 1977; Meldahl and Flessa 1990; Parsons and Brett 1991; Perry 2000) . It is, however, difficult to determine if encrustation rates increase the preservation potential by crossing plate boundaries, or if variation in energy categories among the environments results in longer surface residence times and thus higher encrustation rates. The results show furthermore that encrustation rates are independent of test size. In general, small substrates show relatively low rates of encrustation (McKinney and Jackson 1989) in contrast to larger substrates which show increasing encrustation rates with increasing shell size (e.g., Rodland et al. 2004 ).
Taphonomic biasing and drillholes.-The effect of predatory drillholes on the preservation potential of shells has been extensively discussed for both mollusks (e.g., Kelley 2008; Klompmaker 2009 and literature cited therein) and echinoids (Nebelsick and Kowalewski 1999) . Kelley (2008) found that shells with fossil predatory drillholes of Oichnus Bromley, 1981 are more resistant to taphonomic processes and survive more often than undrilled individuals. The present study shows that the distribution of drilled and undrilled tests are statistically different. It must be stated, however, that the sample size of 1041 tests is large and statistical tests based on such high sample sizes can even detect minor differences in the compared distributions. The overall distribution of both drilled and undrilled distributions is similar, but the high accumulation of pristinely preserved tests (74.1%) of individuals showing drillholes compared to the much lower number without drillholes (62.0%) indicate that a shift in tests featuring drillholes to more pristine preservation is present (Fig.  6) although the difference in medians and means of the test abrasion values for drilled and undrilled specimens is minor. Nonetheless, these results indicate that drilled specimen show a lower preservation potential than undrilled tests. Studies of predatory drillholes in Echinocyamus crispus Mazzetti, 1983 and Fibularia ovulum Lamarck, 1816, a minute clypeasteroid lacking internal supports, by Nebelsick and Kowalewski (1999) from the Red Sea showed that drilling predation did not influence test preservation in either Echinocyamus crispus or Fibularia ovulum. The analysis of Echinocyamus pusillus from Giglio may suggest taphonomic filtering against tests with drillholes. Differences between the findings of Nebelsick and Kowalewski (1999) and the results presented here can be due to environmental differences including temperature and exposure. The Northern Bay of Safaga, Red Sea represents various tropical environments, while the Mediterranean Island of Giglio (E. pusillus) represents a warm temperate, higher energy setting. These two species also differ in morphology, making a direct comparison of test strength difficult (e.g., Allison 1990 ).
Conclusions
The semi-quantitative, quasimetric Likert-Type scale method allows for comparisons between complex taphonomic characters. It is, however, limited to combined measurements of taphonomic conditions and the proportion of surface area affected. Results show that abrasion grades can vary due to the character's position on the test. Exposed features such as tubercles are more likely to abrade on the aboral side than on the slightly depressed peristomal area. The alterations on tests of Echinocyamus pusillus from Giglio Island are low due to rapid test destruction in the high energy environments around the island. The test abrasion among the nine sample sites around Giglio are similar, regardless of the environments and depths where the samples were collected. Fragmentation rates are low due to a high structural integrity based on interlocking plates and internal supports, preventing rapid test disaggregation. Encrustation rates are generally low with few highly encrusted individuals reflecting the high energy levels of the environments. Encrustations increase the test integrity by crossing and strengthen plate connections. Predatory drillholes are seen to slightly lower preservation potentials in higher energy environments.
